The electric dipole strength distribution in 120 Sn between 5 and 22 MeV has been determined at RCNP Osaka from a polarization transfer analysis of proton inelastic scattering at E0 = 295 MeV and forward angles including 0
The electric dipole strength distribution in 120 Sn between 5 and 22 MeV has been determined at RCNP Osaka from a polarization transfer analysis of proton inelastic scattering at E0 = 295 MeV and forward angles including 0
• . Combined with photoabsorption data an electric dipole polarizability αD( 120 Sn) = 8.93(36) fm 3 is extracted. The correlation of this value with αD for 208 Pb serves as a test of energy density functionals (EDFs). The majority of models based on Skyrme interactions can describe the data while relativistic approaches fail. The accuracy of the experimental results provides important constraints on the static isovector properties of EDFs used to predict symmetry energy parameters and the neutron skin thickness of nuclei. The nuclear equation of state (EOS) describes the energy and density dependence of nuclear matter and thus has wide impact on nuclear physics and astrophysics [1] as well as physics beyond the standard model [2, 3] . The EOS of symmetric nuclear matter (SNM) with equal proton (Z) and neutron (N ) numbers is relatively well constrained from the study of finite nuclei, especially in the region of saturation density ρ 0 ≃ 0.16 fm −3 [4] . However, the EOS of neutron-rich matter, essential to determine the properties of neutron stars [5] [6] [7] , is only poorly determined experimentally. Therefore, our knowledge of the symmetry energy describing the difference between the EOS of neutron-rich matter and SNM after subtraction of Coulomb contributions is still quite limited. It is commonly parameterized by the constant (J) and linear (L) term of a power expansion of the density dependence. For a recent overview of experimental and theoretical studies of the symmetry energy see Ref. [8] .
Another phenomenon governed by the symmetry energy is the formation of a skin in nuclei with neutron excess. The neutron-skin thickness (r skin ) of heavy nuclei defined as the difference of mean-squared proton and neutron radii is determined by the interplay between the surface tension and the linear density dependence of the symmetry energy described by the slope parameter L [9, 10] . A linear correlation between the neutron skin thickness and L is predicted by studies of selfconsistent EDFs [11, 12] . The most studied case is 208 Pb, where r skin has been derived recently from coherent photoproduction of π 0 mesons [13] , antiproton annihilation [14, 15] , proton elastic scattering at 650 MeV [16] and 295 MeV [17] , and from the dipole polarizability [18] . A nearly model-independent determination of the neutron skin is possible by measuring the weak form factor of nuclei with parity-violating elastic electron scattering [19] . Such an experiment has been performed for 208 Pb but the statistical uncertainties are still too large for serious constraints of the neutron skin [20] . In any case, independent of a particular experimental method EDFs are needed to translate the results into parameters of the symmetry energy.
Unfortunately, the isovector properties of EDFs are poorly determined by the typical set of data (masses, charge radii, energy of giant resonances) used to fix parameters of the interactions. A particularly useful experimental observable [21] to constrain the large theoretical uncertainties is the electric dipole polarizability of nuclei [22] 
where ω is the excitation energy and σ abs the photoabsorption cross section. The E1 response is dominated by excitation of the isovector giant dipole resonance (IVGDR) well known in many nuclei from photoabsoprtion experiments. Because of the inverse energy weighting, the dipole porizability also depends on the low-energy strength studied mainly with the (γ, γ ′ ) reaction. However, extraction of the E1 strength from these data is quite model-dependent [23] .
Recently, polarized inelastic proton scattering at 295 MeV and at forward angles including 0
• has been established as a new method to extract the complete E1 strength in heavy nuclei from low excitation energy across the giant resonance region [18] . In these particular kinematics selective excitation of E1 and spin-M 1 dipole modes is observed. Their contributions to the cross sections can be separated either by a multipole decomposition analysis (MDA) [24] or independently by measurement of a combination of polarization transfer observables (PTA) [18] . Good agreement of both methods was demonstrated for the reference case 208 Pb. Values of r skin and L dervied from the dipole polarizability conform with results from other methods [25] . All EDFs agree on the strong correlation of α D , r skin and L, but the predictions for a given α D differ considerably. While the result for 208 Pb [18] already excluded many Skyrme interactions, modern Skyrme-Hartree-Fock and relativistic models can be brought into agreeement e.g. by changing J, which can be varied over a certain range of values without detoriating the fit of the interaction parameters. Experimental information on α D in other nuclei is therefore of high interest to further constrain the isovector part of the EDF interaction.
Here, we report on a measurement of the electric dipole response in 120 Sn with polarized proton scattering based on a PTA. E1 strength in 120 Sn was measured by (γ, γ ′ ) [26] and (γ, xn) [27] [28] [29] experiments. A combination of all available data enables a precise determination of α D . The E1 strength has also been determined from a MDA of the (p, p ′ ) cross sections [36] but photoabsorption cross sections were partly included in the analysis and therefore the result -in contrast to the PTA -is not independent from these data.
The experiment was performed at the RING cyclotron facility of the Research Center for Nuclear Physics (RCNP), Osaka University, Japan. Details of the experimental technique can be found in Ref. [30] . A polarized proton beam was accelerated to E 0 = 295 MeV and scattered protons were momentum-analyzed with the Grand Raiden spectometer [31] placed at 0
• covering an angular and excitation energy range of 0
• − 2. 
which takes values of zero for non-spinflip and one for spinflip transitions. Because of the different reaction mechanism these can be identified with E1 (Coulomb excitation) or M 1 (spin-isospinflip part of the protonnucleus interaction) excitations, respectively. Figure 1 (a) displays the measured cross sections (black circles) in 400 keV bins. The bump structure centered at E x ≃ 15 MeV corresponds to the IVGDR. The extracted total spin transfer [ Fig. 1(b) ] is almost zero in this energy region as expected for Colulomb excitation and approaches maximum values of about 0.2 around 9 MeV (the location of the M 1 spinflip resonance [34] ) and above 18 MeV. The decomposition into non-spinflip and spinflip parts is shown in Fig 1(a) by red and blue circles, respectively. The non-spin-flip cross sections contain an small E2 contribution (green line) from nuclear excitation of the isoscalar giant quadrupole resonance (ISGQR). It was determined using the isoscalar B(E2) strength distribution [35] as described in Ref. [36] and never exceeds 4%. Figure 2 compares of the MDA [36] and the PTA decomposition into non-spinflip (∆S = 0) and spinflip (∆S = 1) cross sections for excitation energies up to about 12 MeV. Both methods show good agreement within the respective error bars. Since photoabsoption cross sections [27] [28] [29] have been used as additional constraint in the MDA, the consistency between PTA and MDA results indicates good agreement of the present data with previous measurements of the IVGDR. This is further illustrated by the B(E1) strength distribution (red circles) in Fig. 3 deduced from the ∆S = 0 cross sections assuming semiclassical Coulomb excitation [37] . The photoabsorption data converted to B(E1) strength are shown as blue [27] , green [28] , and black [29] circles, repectively. All data agree well with each other. Near the IVGDR maximum slightly smaller values are found in the present work but they still accord within the experimental uncertainties.
We now turn to the determination of the electric dipole polarizability in 120 Sn. The energy region below 5 MeV makes a negligible (< 0.1%) contribution to α D [26] . Results for the energy region from 5 to 10 MeV are taken from the present work [38] and amount to 1.12(7) fm 3 , contributing about 12.5% to the total value. The main contribution, 7.00(29) fm 3 , stems from the IVGDR region, where the present results and those from Refs. [27] [28] [29] were averaged between 10 and 22 MeV. Between 22 and 28.9 MeV data are available from Ref. [27] , 0.51(6) fm 3 . Finally, the polarizability at even higher energies up to 135 MeV was taken from a nat Sn(γ, xn) experi- 
FIG. 3. (Color online). Comparison of the B(E1) strength distribution in
120 Sn determined by the present work (red circles) and in (γ, xn) experiments (blue circles [27] , green circles [28] , and black circles [29] ). ment [39] neglecting an isotopic dependence. The contribution, 0.31(10) fm 3 , is small but non-negligible considering the final precision achieved. In total, we find α D ( 120 Sn) = 8.93(36) fm 3 , where the error contains the statistical and systematic uncertainties of all data used.
The correlation between the α D values of 120 Sn and 208 Pb [18] indicated by yellow bands is displayed in Fig. 4 in comparison to EDFs based on (a) Skyrme-type interactions and (b) relativistic Hamiltonians. Skyrme interactions include SkM * [40] , SkP [41] , SkT6 [42] , SG-II [43] , SkI3 [44] , SLy6 [45] , BSk4 [46] , and UNEDF2 [47] (for symbols see figure caption). The SV-min [48] (red circle) and RD-min [49] (green square) forces are obtained from the same input data and fitting procedure but use different parameterizations of the density dependence. They also provide theoretical error bars [50] from a systematic variation with respect to chosen nuclear matter properties, which can be considered representative for all models. The SV-bas fit [48] (blue diamond) is similar to SVmin but keeps certain bulk properties fixed leading to reduced error bars. Most models provide a good description of the data, but several interactions (SG-II, SKI3 and SkM * ) must be discarded because they predict too large polarizabilities. Figure 4 (b) compares the data to relativistic mean field (RMF) models. Two variants, DD-PC-min (blue squares) and DD-ME-min (black circles), are considered which take their form from the DD-PC model [51] with point couplings between the nucleons and the DD-ME model [52] with meson exchange. Both have been re- [42] (red diamond), SG-II [43] (blue circle), SkI3 [44] (green triangle), SLy6 [45] (red triangle), BSk4 [46] (green circle), and UNEDF2 [47] (blue square). The SV-min [48] (red circle), SV-bas [48] (blue diamond), and RD-min [49] (green square) interactions additionally provide theoretical error bars. (b) Comparison with relativistic mean field models DD-PC-min (blue squares) and DD-ME-min (black circles), both from Ref. [53] , FSU [54] (red diamonds), and FSU2 [55] (green triangle). Full symbols denote the results of optimum parameter sets. Open symbols show results varying the symmetry energy parameter J. Dashed lines are to guide the eye.
cently readjusted with respect to the same data as used in Ref. [48] to allow a direct comparison of Skyrme and RMF interactions [53] . Unconstrained fits yield optimum results shown as full symbols. We also performed a series of fits of DD-PC-min and DD-ME-min with a systematically varied symmetry energy parameter J = 30−34 MeV (open symbols). Additionally, results from the FSU [54] (red diamonds) and FSU2 [55] (green triangle) interactions are shown. None of the optimal parametrizations is able to describe the correlation of data. However, a few of the parametrizations with varied J touch the correlation box. For DD-PC-min, the point at J = 32 MeV complies with the correlation box, while DD-ME-min and FSU still fail to match this square for all J values.
Using the correlation with α D [21] one can derive the neutron skin thickness of 120 Sn from EDFs capable to describe the data in Fig. 4 . A similar analysis has been performed for 208 Pb [12] . Since the models are not independent, rather than averaging (as done in Ref. [12] ) we take the SV-min (red circles) and RD-min (green squares) results as representative and estimate the theoretical uncertainties. Figure 5 shows the predictions of the correlation between r skin and α D . As for the relativistic models, a variation of J (open symbols) is compatible with the optimum fits (full symbols). The range of values consistent with the experimental polarizability indicated by the horizontal lines corresponds to r skin = 0.148 (34) fm. The result is in good agreement with values extracted from measurements of the spin-dipole resonance [56] , 0.18 (7) fm, and proton elastic scattering [57] , 0.16(3) fm, while antiproton annihilation [58] finds a much smaller value, 0.08(+3)(-4) fm.
In summary, we have measured polarized proton inelastic scattering off 120 Sn at very forward angles and extracted the E1 strength distribution between 5 and 22 MeV by an analysis of polarization transfer observables. Combining the present results with (γ, xn) data, the dipole polarizability could be extracted with a precision of 4%. The correlation with the polarizability of 208 Pb [18] provides an important test of EDFs indispensable for the extraction of properties of the symmetry en-ergy in neutron-rich matter. While the larger part of Skyrme interactions can describe the data, relativistic mean-field models fail. With the typical theoretical uncertainties indicated, the combined data from 208 Pb and 120 Sn provide an important constraint to improve the description of static isovector properties in EDFs.
Considering the importance of polarizability data, a systematic study at different shell closures and exploration of the role of deformation are called for. The present experimental method is particularly relevant to provide information on the still poorly known low-energy E1 strength. One important future project is a systematic measurement of α D covering the range of stable tin isotopes [59] . Together with a new measurement of relativistic Coulomb excitation of the neutron-rich tin isotopes 124−134 Sn at GSI [60] a unique set of data will be available to investigate the impact of neutron excess on the formation of a neutron skin in a set of nuclei with similar underlying structure.
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